borne pathogen competing with the natural microflora in food using mathematical models. Breidit and Fleming 1998 modeled the competitive growth of Listeria monocytogenes and Lactococcus lactis by modeling the concentration of lactic acid produced and the pH of vegetable broth. Gimenez and Dalgaard 2004 also developed a competition model for L. monocytogenes and lactic acid bacteria. Le Marc et al. 2009 developed a competition model by introducing the concept of critical population density for lactic acid bacteria against a competing bacterium S. aureus . These models seem to be specific to the species of concern, and do not generally address a number of microbial species. Dens et al. 1999 proposed a microbial competition model with the Lotka-Volterra LV model, a very wellknown and general model for the description of competition between two species in ecology. However, their studies were just mathematical simulations without biological evidence. Liu et al. 2006 studied interactions of microorganisms on pork with a modified LV model. They showed the parameter values of microbial
Introduction
There are several relationships among microbial species in the environment, including mutualism, competition, commensalism, and amensalism Bailey and Ollis, 1986 . Among these relationships, competition would be the most common for interacting microbial species, because all microbial species need nutrients and space for growth. Food and food materials such as vegetables, fish, and meat, which are often contaminated with natural microflora from the soil, the sea, and domestic animals, are thought to be ecosystems for microbes. Thus, when a species of concern such as Salmonella or Staphylococcus aureus contaminates food with other non-harmful microorganisms, mathematical models that could describe and predict the growth of the species of concern and others in the food would be a useful tool for microbial food safety.
Many researchers have studied the growth of a food- were also used here. Bacterial cell suspensions of each strain were prepared by our method Zaher and Fujikawa, 2011 . Briefly, cells of the strain, which had been kept in semi-solid agar medium, were activated on a nutrient agar plate or a selective agar plate as described below at 37 for 24 h or 48 h for S. aureus only . Cells of several wellgrown colonies on the plate were used for incubation in trypticase soy broth Oxoid, Basingstoke, England with shaking at 37 for 24 h. Cultured cells were washed by centrifugation and then diluted with saline 0.85% w/v sodium chloride solution .
Spiked cultures and storage.
Ground chicken breast from the same lot sample used in our recent studies was used again here. Namely, the ground chicken frozen at 20 was thawed at <10 overnight for use and then sterilized at 121 for 15 min. The sterilization of the chicken was confirmed by the standard agar plate method Anonymous, 2004 . Bacterial cells were spiked into the culture medium the sterilized chicken with the same procedures as followed previously. After thorough mixing, 10-g portions of the culture medium sample were placed in sterile glass bottles 110 ml vacant volume with caps.
The glass bottles were stored in an incubator MIR-154; Sanyo, Tokyo, Japan at various constant temperatures. Immediately after each storage period, the sample one bottle per point was taken from the incubator and cooled in ice water. Each experiment was performed three times.
For dynamic temperature patterns, the bottles were stored in a programmable incubator SU-221; Espec Co., Osaka, Japan . Immediately after each storage period, the sample three bottles per point was taken from the incubator and cooled in ice water. The temperatures of three samples without microbial inoculation were serially measured at 5-min intervals with a digital thermometer AM-7002; Anritsu Meter Co., Tokyo . The averages of the temperature at the intervals were then obtained during the storage.
Bacterial cell counts.
Bacterial cells counts in the culture medium were measured with the same procedures as used recently . Namely, the samples were mixed with buffered sodium chloride peptone solution Nissui Pharmaceuticals, Tokyo, Japan in a sterile filtered plastic bag in order to make 10% food homogenates. The homogenate was thoroughly mixed in a stomacher. After being serially 10-fold diluted with saline, samples 0.1 ml each were growth in their model, but not the actual growth curves. Thus, one cannot evaluate how accurately their model describes competitive growth. To our knowledge, there have been no published papers on a general competition model capable of predicting the growth of multiple microbial species.
We developed an extended logistic model, which is called the new logistic NL model, Fujikawa et al., 2003; . The NL model has been shown to successfully describe and predict microbial growth at dynamic temperatures with various initial populations Fujikawa et al., 2004; Fujikawa and Morozumi, 2005 . It could further predict the amount of microbial metabolites that would be produced Fujikawa and Morozumi, 2006; Fujikawa and Akimoto, 2011 . However, the prediction with the model was for a single species. We then predicted well the Salmonella growth in raw ground chicken and liquid egg products with the NL model and the maximum population kinetics of the organism Zaher and Fujikawa, 2011; Sakha and Fujikawa, 2012; 2013 . This is practically beneficial, but not based on a general competition model or system. Thus, we felt the need to develop a new, general competition model using our model.
Recently we studied microbial growth in mixed culture kinetically and found that a model composed of the NL model and the LV model successfully described the growth of two species in mixed culture with the mesophiles Staphylococcus aureus, Escherichia coli, and Salmonella . We further predicted the growth of bacteria in mixed culture using the three species with our competition model However, these competition studies were done at a constant temperature 28
. The temperatures in actual environments including food and food materials change with time and the microbes living there grow according to the temperature of the environment. Since the NL model has successfully predicted the growth of bacteria at dynamic temperatures as described above, we in the present study we aimed to examine whether the competition model could really predict the growth of bacteria in mixed culture at dynamic temperatures. For comparison, the bacterial species and the culture conditions other than temperature used in the present study were the same as those in our recent studies .
MATERIALS AND METHODS

Bacterial cell preparation.
Bacterial strains of E. coli 1952, Salmonella Enteritidis 04-137, and S. aureus 10008 that were used in our recent competition studies .
The competition model was numerically solved with the 4th-order Runge-Kutta method in Microsoft Excel .
Evaluation of model performance.
Performance of the competition model was evaluated with the square root of the mean of the square error RMSE . The RMSE for the whole set of observation points k was defined as Eq. 4.
Here N obs and N est are the microbial populations observed and estimated with the model, respectively.
The competition model was also evaluated with the residual, which is the value of log N obs minus log N est , for each observation point during the growth Oscar, 2009 . Statistical analysis was carried out with Microsoft Excel.
RESULTS AND DISCUSSION
Growth of bacteria in monoculture.
The growth of bacteria in a monoculture at various constant temperatures ranging from 16 to 32 was first studied for S. aureus, Salmonella, and E. coli with the NL model. Salmonella growth curves at the constant temperatures are shown as examples in Fig. 1 . The NL model successfully described the growth curves of Salmonella. Namely, the RMSE values for the growth curves in Fig. 1 by the model were very small with the average of 0.0884 0.0723 log . Similarly, precise descriptions of the growth curve with the model were also observed for S. aureus and E. coli.
Values for the parameters of the NL model for the above curves were then studied. The rate constants of growth, r, for the bacteria in a monoculture at the constant temperatures were well described with the square root model. An example for Salmonella is shown in Fig. 2 : the coefficient of linearity for the regression line in the figure was very high 0.999 . Similar high values for the coefficient of linearity for the regression line, which were both >0.996, were also obtained for S. plated on selective agar plates in duplicate. Xylose lysine deoxycholate XLD agar plates Oxoid were used for the enumeration of Salmonella, CHROMagar E. coli CHROMagar, Paris, France for E. coli, and BairdParker agar plates Oxoid for S. aureus. After incubation following the instructions for use of the corresponding selective agar plates, bacterial colonies on agar plates for the samples were counted. For each storage condition, counts for two plates were taken into account, and the averages and standard deviations SD for three trials per observation point were then calculated.
Growth analysis.
Growth data of bacterial species in a monoculture was analyzed using a computer program based on the NL model Eq. 1 Fujikawa and Kano, 2009 .
Here N is the population of a microorganism CFU/g at time t h , and r is the rate constant of growth 1/h . N max and N min correspond to the maximum and initial populations CFU/g , respectively Fujikawa and Morozumi, 2005 . The value for r was experimentally estimated from the slope of the log phase in a growth curve on the semi-logarithmic plot Fujikawa and Morozumi, 2005 . Parameters m and n >0 are parameters related to the curvature of the deceleration phase and the period of the lag phase, respectively.
The values for r at various constant temperatures were then analyzed with the square root model McMeekin, et al.,1992 .
Competition model.
The growth of bacterial species in mixed culture was predicted with our competition model . The model for two competitors was described below.
N i is the microbial population for species i at time t. Here i =1, 2. N i max and N i min correspond to the maximum and the initial cell populations, respectively, for species i. Parameters m i and n i are the parameters for the curvature of the deceleration phase and for the period of the lag phase, respectively, for species i. N max is set as a larger value of the maximum populations of the two species. c i is the competition coefficient. The competition model for three species was made in the same way as that for two species, which is shown below the control , respectively. N max in Eq. 2 was set as the larger value of the maximum populations of the two species Table 1 .
While there are countless combinations of the dynamic temperature pattern and initial populations of the species, a single temperature pattern with a single initial population of two species was selected to examine the growth of each species in mixed culture in this study. The prediction with the competition model at dynamic temperatures was successful for all combinations of two species, as shown in Fig. 3A , B, C. The RMSE values were small, being A 0.200, B 0.338, and C 0.345 log ; the average for the three values was 0.294 0.0817 log . The residual which was the value of log N obs minus log N est for each observation point during the growth in Fig. 3 was plotted in Fig. 4 . 100% 36/36 of the data points were located within the Oscar s criterion Oscar, 2009 , which is between +0.5 and -1.0 log, in the figure. This value was greatly over the level of acceptance of 70% Oscar, 2009 . Furthermore, in most of the points 83.3%, 30/36 , the residual was between 0.5 log and -0.5 log. Moreover, the average of the residual for all observation points during the growth was small, being -0.266 0.226 log.
Growth prediction of bacteria in mixed culture with three species.
The growth of bacteria in mixed culture with three species at dynamic temperatures was then predicted with the competition model Eq. 3 . Here we studied for several different temperature patterns and a single initial population of the species. The value of N max in Eq. 3 was set as the largest value among the maximum populations of the three species. It was 9.82 log CFU/g, which was the value for Salmonella Table 1 .
Prediction with the competition model at dynamic temperatures was also good, as shown in Fig. 5 A, B, aureus and E. coli. Table 1 shows the parameter values of the growth model for the three species in the monoculture at the constant temperatures ranging from 16 to 32 .
Growth prediction of bacteria in mixed culture with two species.
The growth of bacteria in mixed culture with two species at dynamic temperatures was first predicted with the competition model. The values for the parameters shown in Table 1 were used in Eq. 2 for prediction. The value for r at time t during the period of storage was estimated from the temperature at that time, using the regression line generated with the square root model, as shown in Fig. 2 and Table 1. The competition coefficients of the model in Eq. 2 for microbial species were taken from the values that were obtained in our previous study ; these were 1.03, 1.04, and 1 for Salmonella, E. coli, and S. aureus The slope and intercept of the regression line for r were obtained with the square root model. The values for m, n and N max are the averages at the temperatures studied.
between 0.5 and -0.5 log. Moreover, the average of the residual for all observation points during the growth was nearly zero, being -0.0340 0.362 log for all data points in Fig. 5 . These results shown in Figs. 3-6 suggested that the competition model could be applied to the prediction of the growth of microbes in mixed culture at dynamic temperatures with various initial populations.
Among the three strains studied here, E. coli grew the fastest in monoculture at the constant temperatures, followed by Salmonella and then S. aureus data not shown . The temperature pattern in mixed culture with two species Fig. 3 was single in order to observe whether the difference in the growth rate among the three species might be kept in mixed culture at dynamic temperatures. As results, both measured and predicted curves of the three strains showed that the kinetic difference among the three was kept at dynamic temperatures in mixed culture with two species Fig. 3 and also with three species Fig. 5 .
The present model showed good performance in the prediction at the dynamic temperature patterns in this study. At the constant temperature with the three species, the residual between N obs and N est in 93.7% of all the data points was located in between +0.5 and -1.0 log and that in 92.1% was still in the range between +0.5 and -0.5 log These high values are similar to those obtained for the two and three species at dynamic temperatures in this study. Furthermore, there was no significant difference in the residue whether the constant or dynamic temperatures were used for the three species p=0.28 by t-test .
There was no difference in the accuracy of prediction C. The RMSE values were small, being A 0.348, B 0.268, and C 0.310 log . The average for the three was 0.309 0.0401 log . The residual between N obs and N est for each observation point during the growth in Fig. 5 was plotted in Fig. 6 . 93.0% 53/57 of the data points were within the Oscar s criterion, which was greatly over the level of acceptance of 70%. In addition, in 84.2% 48/57 of the points, the residual was 
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whereas that with the two species was not -0.266 0.226 log Fig. 4 . The reason for this difference was not understood. It is thought that the growth in mixed culture at dynamic temperatures would be a much more complex physiological phenomenon than that at a constant temperature from the viewpoint of the growth kinetics. However, the prediction with the present model was thought to be good enough to estimate the growth at dynamic temperatures, similar to that at constant temperatures . To our knowledge, the present study would be the first report on prediction in mixed culture with multiple species at dynamic temperatures.
On the other hand, food is often contaminated with natural microflora including psychrophilic bacteria, but the three species studied here were all mesophliles. Thus, more studies with psychrophilic species in food will be needed to confirm the level of performance of the model. We are now studying the growth of a psychrophilic species, Pseudomonas fluorescens as well. We hope that the competition study using mesophilic and psychrophilic microbes can be reported in the near future. Breidt, F., and Fleming, H. P. 1998 Modeling of the competwhether two or three species were examined in this study. The average of MRSE for the prediction for the two competitors 0.294 0.0817 was close to that for the three competitors 0.309 0.0401 . Moreover, the residual between N obs and N est was <0.5 log in 83.3% and 84.2% of the total data points for the two and three species, respectively. On the other hand, the average of the residual for the total points in mixed culture with three species was nearly zero -0.0340 log 
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